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the mutated complex will be investigated to assess whether, as in
yeast, afﬁnity for ATP is lowered [3]. An RNAi strategy has also been
employed to assess which ATPase subunits become dispensable. Our
studies will provide insight into a fundamental problem in cell
biology: how can a membrane potential be maintained in the absence
of proton transport?
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Single-molecule (SM) studies showed that inhibition of bacterial
F1-ATPase by MgADP occurs at the catalytic dwell, with a transition to
an inactive or paused state that can slowly return to an active/
rotating state [1, 2]. Consistently, the structure of MgADP-inhibited
mitochondrial F1, stabilized by azide bound with MgADP at one
catalytic site [3], appears to be at a rotary position near the catalytic
dwell [4]. SM studies also indicated that inhibition of bacterial F1 by
the ε subunit occurs at the catalytic dwell. However, some concluded
that ε acts by extending the pause time of the MgADP-inhibited state
[2, 5], while a recent study concluded that inhibition by MgADP and
ε are separate processes [6]. Here, we use an optical assay (biolayer
interferometry) to monitor bulk-phase kinetics for binding and disso-
ciation of E. coli F1 (EF1) and ε, and correlate results with ε's inhib-
itory behavior. Experiments were done with intact ε and mutants in
which ε's C-terminal domain (CTD) is truncated or prevented from
adopting the extended, inhibitory state. We conclude that insertion of
ε's CTD into EF1's central cavity is a separate process that competes
with the transition to the MgADP-inhibited state. With ε bound to
EF1, dynamic exchange of the ε CTD in and out of the inhibitory state
is responsible for the observed residual activity of EF1 (b10%);
increased azide concentrations are then needed to drive EF1 from the
ε-inhibited state to the MgADP-inhibited state, in which the ε CTD
can not re-insert into the core of EF1. We propose that the transition
to the MgADP/azide-inhibited state involves limited subunit rotation
to a state in which closed α/β interfaces prohibit insertion of the ε
CTD. Conversely, inserting the ε CTD at the catalytic dwell induces a
30-40 rotation to the position indicated by the crystal structure of
ε-inhibited EF1 [7]; in this state, the MgADP-bound catalytic site is in
a half-closed conformation that is unlikely to shift to the MgADP-
inhibited state.
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The ATPase activity of H+-FOF1 ATP synthase is susceptible to so-
called MgADP inhibition. When MgADP without phosphate is bound
at a catalytic site, there is a probability that (instead of releasing
this MgADP and binding the next MgATP) the enzyme adopts a
special inactive conformation with MgADP trapped in a catalytic site.
This is a feature of ATP synthase catalytic core observed even in
alpha3beta3gamma-complex. Single-molecule experiments revealed
that MgADP inhibition results in complete stall of ATP-driven rotation
of subunit gamma that lasts for tens of seconds. It was also deter-
mined that rotation of subunit gamma (either because of thermal
ﬂuctuations or driven by external force) is necessary to re-activate
the enzyme.
MgADP inhibition is found in all ATP synthases studied so far.
However, the degree of inhibition varies considerably, being very
strong in chloroplast enzyme and some bacteria (including
thermophilic Bacillus PS3), but rather weak in FOF1 from Escherichia
coli.
The aim of our study was to clarify the molecular mechanism of
MgADP inhibition and to ﬁnd amino acid residues involved. As one of
the strategies, amino acid sequences of subunits alpha and beta were
compared for over 2000 organisms, and conservative residues that
are different in Bacillus PS3 (strong MgADP inhibition) and E.coli
(weak MgADP inhibition) were identiﬁed. One by one, these residues
were mutated in Bacillus PS3 ATP synthase and replaced by their
counterparts found in E. coli FOF1. Mutant betaQ259L had MgADP
inhibition greatly reduced. Besides high ATPase activity (for isolated
F1 at 45°C turnover was 16.6±0.9 ATP/s in the wild-type and 438±35
ATP/s in the mutant), the mutant was capable of ATP synthesis and
ATP-driven proton pumping. Azide sensitivity of the ATPase activity
was the same as in the wild type. LDAO activation was very weak in
the mutant (1.4-fold versus 22-fold in the wild-type), i.e. the
mutant behaved as if it was already activated by LDAO. Probable
mechanism of MgADP inhibition in view of the new data is being
discussed.
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